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Enhancing the ability of the lungs to regenerate following injury could revolutionize the treatment
of a wide range of different diseases. In this issue, Kumar et al. (2011) and Ding et al. (2011) dissect
the cellular and molecular mechanisms of murine lung regeneration following injury and provide
insights into the basic biology of the organ with implications for development of future therapeutic
approaches.Nature’s extravagant examples of regen-
erative potential—such as those dis-
played by planaria and plants, which can
produce a replicate from a mere fragment
of an adult, or by Axolotl, which can fully
regrow a lost appendage—seem utterly
superior in comparison to ours as hu-
mans. As inferior as we may seem, hu-
mans and other mammals regularly
employ less dramatic versions of similar
processes to repair tissues following
injury. Studies by Kumar et al. (2011) and
Ding et al. (2011) in this issue now start
to unravel the recovery process that
occurs in themammalian lung in response
to infection and injury.
Irrespective of its place in the grand
scheme of evolution, an animal’s regener-
ative potential resides within long-lived
stem cells that can both divide to self-
renew and differentiate to replace lost
tissue during normal homeostasis or
wound repair. Tapping into the mastery
of stem cells has enormous potential
to aid recovery from a number of debili-
tating injuries and degenerative diseases.
This painstaking process begins with
identifying the progenitors of a tissue,
illuminating their intrinsic molecular and
cellular properties, and defining the often
complex interactions they have with the
specialized environments that they
occupy.
The mammalian respiratory system
facilitates gas exchange between the
external environment and fixed physi-
ology of the circulatory system. At the
proximal end of the conducting airway is
the trachea, a cartilaginous tube linedwith pseudostratified columnar epithe-
lium. The trachea branches into similarly
organized bronchi, which narrow and
sprout into noncartilaginous bronchioles
covered by a simple columnar epithelium.
In turn, these terminate in a distal network
of alveolar sacs lined by a squamous
epithelium, the site of gas exchange.
Considering such varied epithelial orga-
nization and the multiple cell types repre-
sented, it is perhaps not surprising to find
that, despite intensive study, dissecting
progenitor-progeny relationships in the
mammalian airway has been a consider-
able challenge, and the complete picture
remains elusive (for a thoughtful review,
see Rock and Hogan, 2011). Moreover,
in the adult lung, under steady-state
conditions, progenitors cycle much more
slowly than they do in the skin, gut, or
hematopoietic systems. Thus, it is only
by exposing the lung to trauma that
appreciable levels of progenitors become
activated in a manner conducive for study
within the physiological context of the
tissue.
Kumar et al. infect the mouse airways
with a sublethal dose of influenza A
(H1N1) virus, which results in rapid,
profound, and nonselective damage to
the epithelium. However, 2 weeks later,
the virus clears, and by 2 months, the
distal bronchio-alveolar epithelium has
recovered fully, enabling the researchers
to analyze temporally the cellular mecha-
nisms involved. The authors trace this
remarkable regenerative process to a
transient population of p63+ Krt5+ basal-
like cells that appear in the bronchiolesCell 147and peribronchiolar region following
infection. These cells expand locally,
organize into growing spheres with
a lumen, and subsequently assume
expression of alveolar specific proteins,
all indicative of proper differentiation and
regeneration in vivo (Figure 1A).
Previous work has implicated p63-
expressing basal cells as epithelial
progenitors in the proximal trachea and
bronchi, yet they are normally absent
from the distal regions of the mouse lung
(Hong et al., 2004; Rock et al., 2009).
This raises the question of their origin.
Have they been overlooked until now
and, as in humans, normally exist as
a rare population in the distal airway?
Or are they reseeded from the proximal
airway following injury? It is also possible
that the cells arise from a p63-negative
bronchiolar cell type. A good candidate
may be a rare but broadly distributed
population of c-kit+ cells, recently identi-
fied as early progenitors in the human
airway (Kajstura et al., 2011). Alterna-
tively, in the injured trachea, T1a+ basal
cells can develop from a small population
of secretory Clara cells (Rawlins et al.,
2009). Given these findings, the possibility
of a similar scenario in the distal lung
should now be investigated.
When the McKeon and Xian groups
analyzed gene expression in regenerat-
ing lung tissue, they discovered an
enrichment in signature transcripts of
endothelial cell differentiation, consistent
with a link between capillary growth and
alveolar regeneration from the basal-like
stem cells. Interestingly, the study by, October 28, 2011 ª2011 Elsevier Inc. 485
Figure 1. Lung Regeneration in Response to Reduction in Pulmonary Function
(A) Alveolar epithelium regeneration after infection with influenza A virus starts with the appearance of p63+ Krt5+ basal cells in the bronchial epithelium, clonal
expansion of basal cells into the peribronchiolar space, and their organization and differentiation into alveolar epithelial cells. dpi, days postinfection.
(B) Compensatory lung growth following unilateral pneumonectomy occurs predominantly at the level of the alveolar sac, where pulmonary endothelial and
alveolar epithelial cells are in close proximity. Vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF) signaling cascades that originate in the
pulmonary endothelial cell induce expression of matrix metalloproteinase 14 (MMP14). MMP14 generates EGF-like ligands, including heparin binding EGF-like
growth factor (HB-EGF) and EGF-like fragment of laminin5 g2, which activate EGF receptor (EGFR) on the alveolar epithelial cell, driving it to proliferate.the Rafii group focuses on just such an
interplay and provides a potential mech-
anism for earlier observations that alve-
olar remodeling occurs in tandem with
angiogenesis of the associated vascular
network (White et al., 2007; Yamamoto
et al., 2007). Ding et al. analyze compen-
satory growth in the right lung following
unilateral removal of the left lung. Shortly
after pneumonectomy, they observe a
burst of proliferation and expansion of
the progenitors of the bronchiolar and
alveolar epithelia. They make a similar
observation in endothelial cells of associ-
ated pulmonary capillaries, consistent
with previous reports that compensatory
lung growth occurs at the level of the
distal airway (Nolen-Walston et al., 2008).
Seeking the essential inducer of this
compensatory growth, the authors iden-
tified VEGF and FGF signaling-depen-
dent expression of matrix metalloprotei-
nase MMP14 in the endothelial cells.
Thus, when MMP14 function is inhibited
with an MMP14-neutralizing antibody486 Cell 147, October 28, 2011 ª2011 Elseviadministered shortly after pneumonec-
tomy, alveolar expansion and lung re-
growth are reduced, but endothelial
proliferation is not. Moreover, MMP14
activation in this context appears to
generate EGF-like fragments through
cleavage of proteins in the extracellular
space, and these in turn stimulate EGF
signaling and proliferation in the alveolar
epithelium (Figure 1B). Importantly, the
authors demonstrate that systemic
administration of EGF can drive compen-
satory growth even in the absence of
endothelial VEGF signaling and MMP14
expression.
Though Ding et al., place endothelial
cells at the center of the compensatory
lung growth, it remains unclear whether
reciprocal signaling from the expanding
epithelial cells exists, which could finely
coordinate the development of the func-
tional air exchange unit. The systemic
and/or local events that activate the
pulmonary endothelial cells in the first
place are also awaiting elucidation.er Inc.The studies by these two groups open
the door for these future explorations,
which may offer an entry point for thera-
peutic regimes to increase pulmonary
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Adult tissues can rapidly and reversibly change size to adapt to environmental and behavioral
influences. In this issue, O’Brien et al. (2011) demonstrate that fly intestinal stem cells alter their
division patterns in response to food availability to drive organ growth.Although adult tissues are usually re-
garded as homeostatic, some organs,
such as muscle, liver, and intestine, have
an adaptive potential to grow or shrink
by functional demand (Piersma and
Lindstro¨m, 1997). One well-documented
example is the change in size and metab-
olism of the gut in response to food intake.
However, the mechanism(s) by which the
gut adapts its size in response to dietary
load remain elusive. Now, David Bilder
and colleagues (O’Brien et al., 2011)
report that intestinal stem cells (ISCs) are
key players in directing such a response
in the fly midgut.
Like the mammalian small intestine, the
Drosophila posterior midgut contains
ISCs that homeostatically maintain organ
size by generating new cells to replace
tissue lost to regular turnover or injury
(reviewed in Losick et al., 2011). ISCs
both self-renew to maintain the stem cell
population and differentiate into entero-
blasts that undergo terminal differentia-
tion into either absorptive enterocytes
or secretory enteroendocrine cells every
1–2 weeks. Previous work has shown
that ISC numbers remain stable underhomeostatic conditions through a mech-
anism involving asymmetric cell divisions
(Losick et al., 2011). O’Brien et al. here
demonstrate that this type of classic
stem cell behavior changes dramatically
when the fly begins feeding after emerg-
ing from the pupal case.
Intrigued by the observation that total
cell number in a progenitor-rich area
of the Drosophila posterior midgut in-
creased by an outstanding 300% during
the first 4 days of feeding, the investiga-
tors reasoned that nutrient uptake may
induce gut expansion through stem cell
activation. Indeed, the authors discov-
ered that ISCs and enteroblasts had
expanded up to 3-fold upon feeding, indi-
cating that increased stem cell division
was the direct source of feeding-induced
growth, consistent with a previous report
(McLeod et al., 2010). The authors further
hypothesized, based on mathematical
calculations, that stem cells may be
undergoing different division dynamics
during the feeding period to generate the
massive increase in cell number.
Tomeasure the rateof symmetric versus
asymmetricstemcell divisions, theauthorsused an elegant genetic marking system,
twin-spot MARCM, to permanently label
dividing stem cells with different colors.
Remarkably, O’Brien et al. noticed that
ISCs can switch between asymmetric
and symmetric modes, depending on
nutrient availability,with fedguts exhibiting
a higher ratio of symmetric-to-asymmetric
stem cell divisions than fasted guts.
Importantly, these ratios were normalized
again when fed guts reached homeo-
stasis. Thus, the predominance of sym-
metric division fates appeared to be one
of the main mechanisms for increasing
cell number and adaptive growth during
this new adult feeding period (Figure 1).
Though feeding-induced organ growth
is conserved in later-stage adults, it
remains unclear whether this also entails
a switch from asymmetric to symmetric
stem cell divisions. Of note, the authors
also show that apoptosis of excess cells
is a mechanism to shrink organ size in
starved older adults to compensate for
the lack of nutrients. Another interesting
observation of the presented study is
that, despite an increase in absolute stem
cell numbers in fed guts, the relative, October 28, 2011 ª2011 Elsevier Inc. 487
